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Sox9 is a transcription factor required for cartilage formation and testis determination in mammals. We have cloned from
zebrafish two sox9 genes, termed sox9a and sox9b. Gene phylogenies showed that both genes are orthologous to tetrapod
SOX9 genes. Genetic mapping showed that these two loci reside on chromosome segments that were apparently duplicated
in a large-scale genomic duplication event in ray fin fish phylogeny. Both Sox9a and Sox9b proteins bind to the HMG
consensus DNA sequences in vitro. We tested different domains for transactivation potential and identified a potential
activation domain located in the middle of both Sox9a and Sox9b. During embryogenesis, sox9a and sox9b expression
patterns are distinct but overlap in some regions of the brain, head skeleton, and fins. Expression of sox9a/b correlates well
with that of col2a1 in chondrogenic elements. In the adults, sox9a is expressed in many tissues including brain, muscle, fin,
nd testis, whereas sox9b expression is restricted to previtellogenic oocytes of the ovary. This expression pattern predicts
hat sox9a and sox9b may have unique functions in some specific tissues during development. The role of gene duplication
or the evolution of developmental gene function is discussed. © 2001 Academic Press
Key Words: evolution; skeleton; chondrogenesis; gonad; sex determination; gene duplication; transcription factor;
activation domain; testis; ovary.d
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Sox protein family members all contain the SRY-like
HMG-box, a 79-amino acid domain that binds and bends
DNA. The index gene for the family, SRY, is the only factor
on the mammalian Y chromosome that is sufficient and
necessary to cause an individual to develop a male pheno-
type (Koopman et al., 1991). More than 20 SOX cDNAs
have been cloned and partially characterized. The family is
subdivided into seven subgroups, A–G, based on amino acid
similarity within their HMG domains (Wright et al., 1993).
any of these genes are known to be expressed tissue-
pecifically and act as transcriptional factors in different
1 To whom correspondence should be addressed at Institute of
Molecular Biology, Academia Sinica, Nankang, Taipei, Taiwan
11529, Republic of China. Fax: 886-2-2782 6085. E-mail:
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All rights of reproduction in any form reserved.evelopmental pathways. For example, Sox1, Sox2, Sox3,
nd Sox11 are expressed in the developing nervous system
Collignon et al., 1996; de Martino et al., 2000; Uwanogho
et al., 1995). Sox4 acts as a transcriptional activator in T
lymphocytes (van de Wetering et al., 1993).
Human SOX9 is 509 amino acids long, with an
-terminal HMG DNA-binding domain and a C-terminal
ransactivation domain (Sudbeck et al., 1996; Wagner et al.,
994). The SOX9 HMG domain binds to the AGAA-
AATGG sequence and the HMG consensus AACAAAG
equence (Bell et al., 1997; Harley et al., 1992; Mertin et al.,
1999; Sudbeck et al., 1996). These sequences are present in
the regulatory region of the human type II collagen gene,
COL2A1. In transgenic mice, their mutation abolishes
SOX9 binding and chondrocyte-specific expression of a
COL2A1-driven reporter gene whereas expression of exog-
enous Sox9 transactivates both the reporter gene and the
endogenous Col2a1 gene expression (Bell et al., 1997).
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150 Chiang et al.These studies demonstrate that mouse Sox9 functions as a
transcription activator through binding to specific se-
quences.
In situ hybridization of mouse embryos showed strong
Sox9 expression in mesenchymal condensations before and
during chondrogenesis, and the expression pattern is very
similar to that of the type II collagen gene, Col2a1 (Ng et
al., 1997; Wright et al., 1995). Patients with SOX9 defi-
ciency suffer from campomelic dysplasia, a disease with
severe skeletal malformation and sometimes male sex
reversal (Foster et al., 1994; Wagner et al., 1994). Thus, the
function of Sox9 in skeletal formation correlates well with
its specific expression in the developing cartilage and the
disease symptoms caused by its deficiency.
During gonad differentiation, Sox9 is up-regulated in
testes and down-regulated in ovaries (Kent et al., 1996;
Morais da Silva et al., 1996; Moreno Mendoza et al., 1999).
This expression pattern, along with male sex reversal in
SOX9-deficient patients, implies that SOX9 is important in
the male developmental pathway, but the function of Sox9
in sex differentiation is still not clear.
To examine the degree of evolutionary conservation of
SOX9 gene function in vertebrate development, we have
cloned and characterized two sox9 genes from zebrafish.
Genetic mapping experiments showed that the sox9a and
sox9b genes are located in duplicated chromosomal regions.
Phylogenetic analyses suggest that both genes, being ortho-
logues of the tetrapod SOX9 gene, arose during a whole
genome duplication event hypothesized to have occurred at
the base of teleost radiation (Amores et al., 1998; Postle-
thwait et al., 1998). In zebrafish, both genes are expressed in
chondrogenic cell lineages, but sox9a is expressed in the
testis and sox9b in the ovary. Despite different expression
sites, both proteins have similar DNA-binding and transac-
tivation properties as shown by our molecular analyses.
MATERIALS AND METHODS
Fish Stocks
Zebrafish (Danio rerio, AB strain) were maintained as described
Westerfield, 1995). Developmental age is given as hours postfer-
ilization (hpf) at 28.5°C.
Isolation of sox9 cDNA
Zebrafish sox9a and sox9b were obtained by hybridizing a cDNA
library established from 1-month-old zebrafish (Clontech Labora-
tories, Inc) with a 318-bp DNA containing the HMG domain (nt
587–904) of mouse Sox9. Filter hybridization was performed in
50% formamide at 37°C followed by washes with 0.53 SSC, 0.1%
SDS at 42°C. Ten positive clones were subcloned into PCR II vector
for DNA sequencing, data base search, sequence alignment, and
evolutionary analysis using the GCG computer analysis program.
Two clones, designated sox9a and sox9b, have high homology to
mouse Sox9 throughout their entire sequence. The remaining
positive clones represent other sox family members. After we had
cloned, sequenced, and characterized sox9a and sox9b (GenBank
Copyright © 2001 by Academic Press. All rightAccession Nos. AF277096 and AF277097), expressed sequenced tags
(ESTs) representing sox9a (Accession No. AW184648) and sox9b
(Accession Nos. AI883804 and AW343046) were identified by the
Washington University EST project (http://www.genetics.wustl.edu/
fish_lab/frank/cgi-bin/fish/home_est.cgi). An additional EST
(AW153579, fi23c10) is highly similar to vertebrate Sox8 genes;
although full-length sequence of this clone is not yet available,
alignment of the available sequence shows that fi23c10 is a gene
different from either sox9a or sox9b. Our unpublished data showed
that this sequence maps to a position near sox9b, on LG3. The
fi23c10 locus is closely related in sequence to SOX8, on human
chromosome Hsa 16p13.3, and it maps next to hbaa1, whose
human orthologue HBA is also located at Hsa16p13.3 (data not
shown).
RNA Analysis
Reverse transcription was performed using the Superscript pre-
amplification system (Gibco BRL) with 0.5 mg of oligo(dT)12–18 and
mg of each total RNA in a 20-ml reaction as described (Guo et al.,
1993). The cDNA product (1 ml) was used in PCR with sox9a or
actin primers for 25–30 cycles at 94°C for 40 s, 60°C for 50 s, and
72°C for 70 s. The sox9a primers (CGGTGAAGAACGGCCA-
GAGC and CTGTAGAGTCAGCAATGGGT) amplified cDNA
from nt 714 to 1472. The sox9b primers (TCGGGATCGGACAGC-
GAGAC and GAGCACCGCTCCAAACACTG) amplified cDNA
from nt 254 to 1087. The actin primers (Hwang et al., 1997)
TCACACCTTCTACAACGAGCTGCG and GAAGCTGTAGC-
TCTCTCGGTCAG) generated a 340-bp fragment. PCR products
ere analyzed on 1.2% agarose gels, blotted, and hybridized with
ox9a or sox9b cDNA probe.
Phylogenetic Analysis
To identify sequences similar to zebrafish Sox9b protein, we used
the tblastx algorithm in a sequence similarity search (http://
www.ncbi.nlm.nih.gov/blast/blast.cgi). Sequences showing the high-
est levels of sequence similarity were downloaded from GenBank
(http://www3.ncbi.nlm.nih.gov/htbin-post/Entrez/query?db5n&
form50) and imported into CLUSTALX (Julie Thompson and Fran-
cois Jeanmougin, ftp://ftp-igbmc.u-strasbg.fr/pub/ClustalX).
Sequence alignments are available on request. Neighbor-joining
trees were drawn with NJPlot (http://pbil.univ-lyon1.fr/software/
njplot.html), and maximum likelihood and parsimony trees were
constructed using PAUP* (Phylogenetic Analysis Using Parsi-
mony) (Sinauer Associates, Sunderland, MA). The statistical ro-
bustness of each node in the tree was estimated by bootstrapping
analysis (Efron and Gong, 1983; Felsenstein, 1985; Swofford et al.,
1996). Bootstrapping involves resampling the sequence data, with
replacement, to create a series of samples with the same size as the
original data, and constructing new phylogenetic trees from each
sample. We ran 1000 bootstrap analyses for neighbor-joining trees,
and 100 for maximum-likelihood and parsimony trees, and the
number given in the figure is the number of times the indicated
node was obtained.
We follow the rules of gene and protein nomenclature for each
individual species when formally established. Zebrafish nomencla-
ture (sox9a for the gene, Sox9a for the protein) is found at http://
zfish.uoregon.edu/zf_info/nomen.html, mouse (Sox9, gene; SOX9,
protein) at http://www.informatics.jax.org/support/nomen/, and hu-
man (SOX9, gene; SOX9, protein) at http://www2.ncbi.nlm.nih.gov/
LocusLink/LLnomen.html. Referring to vertebrate genes in general,
we use the human nomenclature.
s of reproduction in any form reserved.
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151Zebrafish sox9a and sox9b GenesIn Situ Hybridization
The riboprobes for in situ hybridization were synthesized from
linearized plasmids by in vitro transcription using UTP labeled
with digoxigenin or fluorescein. The sox9a probe was generated
from the pGM-sox9a/EcoRV-linearized template using T7 RNA
polymerase, and the sox9b probe was from the pBluescriptKS1-
sox9b/StuI-linearized template. To increase hybridization specific-
ity, the sequence containing the 39-untranslated region (39-UTR)
and part of the C-terminal coding region excluding the HMG box
was chosen as a probe for the respective sox9 cDNAs. Thus sox9a
probe is 698 bp in length containing 557 bp of coding region and 141
bp of 39-UTR. The sox9b probe is 945 bp in length containing 404
bp of coding region and 541 bp of 39-UTR. The col2a1 probe was
generated as previously described (Yan et al., 1995).
Tissues or embryos were fixed overnight in 4% paraformalde-
hyde at 4°C before processing for hybridization with digoxigenin-
labeled probes as described (Hu et al., 1999; Oxtoby and Jowett,
1993). When necessary, the hybridized samples were cryosectioned
according to the established procedure (Korzh et al., 1993).
Genetic Mapping
For gene mapping, single-strand conformation polymorphism
analysis (SSCP) (Fo¨rnzler et al., 1998) was performed on DNA from
6 F2 progeny from a linkage map cross with over 650 PCR-based
arkers (Johnson et al., 1996; Knapik et al., 1996, 1998; Postle-
hwait et al., 1994, 1998). The strain distribution patterns were
nalyzed using MapManager (http://mcbio.med.buffalo.edu/
apmgr.html) and maps were constructed with MapMaker (Lander
t al., 1987). For SSCP analysis, genomic DNAs from C32 and SJD
arental strains were amplified using primers specific to the
equence of the 39-untranslated region of sox9a and sox9b genes.
he sox9a mapping primers, AGACCATGAGCACGCCTGAAT
nd GTCTTTCCCATCATGCACTGAACG, amplified a 238-bp
ragment from 11547 to 11784. The sox9b mapping primers,
TCTGCCCGCTCACATCCATACTC and AGCGCCACTGCA-
ATTAGATTGAA, amplified a 235-bp fragment (11461 to 11695).
n each PCR for mapping, one of the primers was end-labeled using
g-32P]ATP for detection by autoradiography on acrylamide gels. The
train distribution patterns for mapped loci that are not given in this
aper are available at http://www.neuro.uoregon.edu/postle/
ydoc.html.
Transfection
The Gal4 DNA-binding domain was cloned into pCDNA3 at the
HindIII-BamHI sites to form pGal4-DBD (kindly provided by M.
Hu). Various fragments of sox9 cDNA were then cloned into
pGal4-DBD to form a Gal4-DBD-Sox9 fusion protein. The sox9
cDNA fragments were amplified by PCR before cloning.
COS-1 cells in 6-cm plates were transfected by the Lipofectamin
(Gibco) method with 0.2 mg pCMV-bGal (as an internal control), 1
mg pG5E1bCAT (containing 5 Gal4-binding sites in front of the
CAT reporter gene), and varying amounts of effector plasmids as
described in Fig. 10. CAT activities were calculated after calibra-
tion with internal control. Standard deviations were calculated
from data derived from three separate experiments. The amount of
Sox9 protein expression after transfection was determined by
Western blot analysis against the Gal4-DBD antibody (1:10,000,
Santa Cruz Biotechnology, Inc.) after equal amounts of lysates were
loaded on gels.
Copyright © 2001 by Academic Press. All rightGel Mobility-Shift Assays (EMSAs)
The 30-bp COL2A1 enhancer sequence that binds SOX9 (called
col2c2 probe) was previously described (Bell et al., 1997; Ng et al.,
1997). The 26-bp HMG-binding probe corresponds to a fragment of
the CDe enhancer that contains a consensus binding site for HMG
box proteins as described previously (Harley et al., 1992; Lefebvre
et al., 1997). The unrelated sequence (kuc1), CTAGACAAGGT-
CATCATCTAG, corresponds to a fragment that contains a con-
sensus binding site for SF-1 protein (Guo et al., 1994). In vitro-
synthesized proteins were generated using the Promega in vitro
TNT system. The probes were made by labeling the complemen-
tary oligonucleotides with [g-32P]ATP using T4 polynucleotide
inase. Electrophoretic mobility-shift analysis was performed us-
ng 3 ml of translation products, 0.01-pmol probe, 1 pmol competi-
tor oligos, following the published procedure (Guo et al., 1994).
RESULTS
Cloning and Characterization of Zebrafish Sox9
Homologues
To search for zebrafish homologues of Sox9, we used a
318-bp fragment containing the HMG box of mouse Sox9 to
screen a cDNA library constructed from 1-month-old ze-
brafish larvae. From 10 positive clones, we selected 2 clones
that showed the highest sequence similarity to mouse Sox9
for further characterization. The sox9a (AF277096) and
sox9b (AF277097) clones were 1790 and 1916 bp long and
should encode proteins of 462 and 407 amino acids, respec-
tively (Fig. 1A).
Sequence alignment (Fig. 1B) reveals that the HMG
domain (domain B) is the most conserved, with more than
96% sequence identity throughout vertebrates. Sequence
comparison of their HMG domains predicts that zebrafish
Sox9 falls into the E subfamily of the SOX proteins together
with SOX 8, 9, and 10 (data not shown) (Denny et al., 1992;
Laudet et al., 1993). Sequence homology among SOX9s
from different species extends beyond the HMG domain.
Domains A, C, and E have an overall 70–85% sequence
identity among all known vertebrate SOX9 proteins. Do-
main D is almost nonexistent in zebrafish. It is present as a
short stretch of residues without the characteristic Pro- and
Gln-rich (P/Q) region. It is called domain D for operational
purposes. The Gln- and Ser-rich (Q/S) domain E is variable
in length. It is shortest in zebrafish Sox9b.
Phylogenetic Analysis of Vertebrate SOX9 Genes
To determine the relationships of zebrafish sox9 genes to
each other and to those of other vertebrates, we constructed
phylogenetic trees of amino acid sequences and of nucleic
acid sequences. In the absence of SOX9 sequence data from
suitable nonvertebrate outgroups, such as a Cephalochor-
date or a Urochordate, the tree was rooted on vertebrate
SOX10 and SOX8 sequences, which have considerable simi-
larity to SOX9 over nearly all of the molecule. The results
showed Danio rerio Sox9 fits strongly into the SOX9 clade
of vertebrate SOX genes and SOX proteins, in a separate
s of reproduction in any form reserved.
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152 Chiang et al.clade from Sox10 and Sox8 proteins (Fig. 2A). The position
of Sox9a in the protein phylogeny is as expected if sox9a is
an orthologue of human SOX9. Sox9b appeared as a sister
group to other vertebrate SOX9 proteins, although still
within the SOX9 clade, with very high bootstrap support,
FIG. 1. (A) Sequence alignment of zebrafish Sox9a and Sox9b.
dentical amino acids are connected by a line, whereas similar
mino acids are connected by dots. Gaps are represented as periods.
he HMG box is underlined. (B) Comparative Analysis of Sox9
equence identity in various domains. Chicken and fish Sox9
roteins lack the P/Q-rich region. Numbers give amino acid
ositions. Sequence of chicken Sox9 is incomplete at the
-terminus. The percent amino acid identities of different domains
elative to zebrafish Sox9a are given as percentages. The accession
umbers for the sequences are as follows: human SOX9
HSSOX9MRN), chicken Sox9 (GGU12533), zebrafish Sox9a
AF277096), rainbow trout Sox9 (AB006448), zebrafish Sox9b
AF277097).1000 of 1000 bootstrap runs. Sox9b appears to have evolved (
Copyright © 2001 by Academic Press. All rightFIG. 2. Phylogenetic and mapping analysis. (A) Neighbor-joining
phylogenetic tree of vertebrate SOX9 proteins. Numbers on
branches are the number of times, in a thousand runs, that the two
clades branched as sisters. The results show, with very high
bootstrap support, that zebrafish has two loci in the SOX9 clade.
The accession numbers for the sequences are as follows: SOX9
human (P48436); Sox9 Pig (O18896); SOX9 mouse (S52469); Sox9
chicken (AB012236); Sox9 alligator (AAD17974); Sox9 Rana frog
(BAA95427); Sox9a (zebrafish, AF277096); Sox9 trout (AB006448);
Sox9b zebrafish (AF277097); SOX10 human (P56693); SOX10
mouse (Q04888); Sox10 chicken (CAB65026); SOX8 human
(AF226675); SOX8 mouse (AF191325); Sox8 chicken (AF228664).
The marker length corresponds to a 10% sequence difference. (B)
Maximum-likelihood phylogenetic tree of vertebrate Sox9 genes.
Coding sequences of vertebrate Sox genes were analyzed with
AUP* using the maximum-likelihood algorithm, with bootstrap-
ing. Numbers on branches are the number of times, in a hundred
uns, that the two clades branched as sisters. Nucleotide sequences
rom the ATG to the stop codon were aligned by clustalW. The
ccession numbers for the sequences are as follows: mouse Sox8
AF191325); chicken Sox9 (AB012236); chicken Sox8 (AF228664);
ebrafish sox9b (AF277097); rana frog Sox9a (AB035887); sox9a
ebrafish (AF277096); pig Sox9 (AF029696); human SOX8
AF226675); human SOX10 (NM_006941); human SOX9 (Z46629);
rout SoxP1 (D83256); mouse Sox10 (AF047389); alligator Sox9
AF106572); trout Sox9 (AB006448); drosophila sox100B
AJ251580).
s of reproduction in any form reserved.
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153Zebrafish sox9a and sox9b Genesmore rapidly than other vertebrate SOX9 proteins as judged
by branch lengths. This long branch may account for the
protein appearing as a sister group to other vertebrate Sox9
proteins rather than as just a sister group to zebrafish Sox9a.
Note that the rainbow trout Sox9 protein branches with the
zebrafish Sox9a protein, and not the Sox9b protein. This
result would be expected if the duplication of sox9 genes
ccurred before the divergence of zebrafish and trout lin-
ages, and the trout orthologue of sox9b has either been lost
or exists but has not yet been identified.
Further understanding of the phylogenetic relationships
of zebrafish sox9 genes comes from trees that compare
nucleotide sequences. Figure 2B shows the maximum-
likelihood tree for the coding portions of SOX genes from
several vertebrates, with the tree rooted on the Drosophila
gene sox100B, which, in a BLASTX search brings up verte-
brate SOX10 genes as best hits. In this analysis, sox9b
branches as a sister group of teleost sox9a genes (zebrafish
sox9a and trout Sox9), with very strong bootstrap support
(99 of 100 runs), well within the vertebrate Sox9 clade,
which itself branches with strong support away from ver-
tebrate Sox8 and Sox10 clades. These results were con-
firmed by nucleotide trees that are constructed based on
parsimony and distance analyses (data not shown). The
phylogenetic analysis of vertebrate Sox genes strongly sup-
ports the conclusion that sox9a and sox9b are orthologues
of human SOX9, and not of SOX8 or SOX10. An additional
and independent data set to infer phylogenetic relationships
is available from comparative gene mapping experiments.
Linkage Mapping of Zebrafish sox9 Genes
To discover the chromosomal location of zebrafish sox9
genes, we performed mapping experiments. We found that
sox9b mapped to the lower tip of LG3, and sox9a mapped to
he upper arm of LG12 (Fig. 3A). Figure 3B compares some
f the loci on zebrafish LG3 and LG12 with their ortho-
ogues on human (Hsa) and mouse (Mmu) chromosomes. At
east five loci in addition to sox9a/sox9b are present in
uplicate copies on LG3 and LG12: hoxba/hoxbb (Amores
t al., 1998), col1a1a/col1a1b (Woods et al., 2000), dlx8/
lx7 (Postelthwait et al., 1998; Stock et al., 1996), rara2a/
ara2b (Stachel and Kushner, GenBank Accession Nos.
03398 and L03399, 1993), and hbae1/hbae4 (Chan et al.,
997). These five loci also reside on the corresponding
ammalian chromosome segments, Hsa17 and Mmu11.
he mammalian orthologues of several other loci on LG3
nd LG12 also reside on Hsa17 and Mmu11. In addition,
uman SOX9 and mouse Sox9 genes reside on these same
ammalian chromosomes. We conclude that parts of LG3
nd LG12 are orthologous to the mammalian chromosome
egments that contain SOX9. This provides strong evidence
hat sox9a and sox9b are both orthologues of mammalian
OX9.
We conclude that zebrafish sox9a and sox9b are duplicateopies of a single SOX9 gene that was duplicated with the a
Copyright © 2001 by Academic Press. All rightest of the precursors of LG3 and LG12, and resulted from a
arge-scale chromosome duplication event.
Different Expression of sox9a and sox9b in Adult
Zebrafish Tissues
We first examined sox9a and sox9b expression by RT-
PCR analysis using total RNAs prepared from various
tissues collected from sexually mature zebrafish. PCR with
actin primers showed that equal amounts of RNA were
used in all reactions. The PCR products were hybridized
with specific sox9a or sox9b cDNA probes to confirm
gene-specific detection. Plasmids containing sox9a or sox9b
cDNA were also used as control templates for PCR and
hybridization specificity. Transcripts from sox9a were ex-
pressed in many tissues including brain, pectoral fin, kid-
ney, muscle, and testis (Fig. 4). Northern blot analysis
confirmed the expression of a 2-kb transcript in pectoral fin,
testis, and brain (data not shown). Zebrafish sox9b, on the
contrary, was detected only in the ovary of adult tissues in
these experiments.
The expression of sox9a in testis and sox9b in ovary poses
FIG. 3. Genetic mapping of sox9 genes. (A) The sox9b gene maps
to the lower end of Linkage Group 3 (LG3), and sox9a maps to the
upper portion of LG12. (B) Conserved syntenies in the regions
surrounding the sox9 genes. A comparison of LG3 to LG12 shows
that several genes are present as duplicate copies on the two
chromosomes. Gene phylogenies show that both copies of the two
genes are orthologues of the mammalian gene shown on the same
row. These mammalian orthologues are syntenic on human (Hsa)
chromosome 17 and mouse (Mmu) chromosome 11. A number of
other genes that do not appear to be duplicated in zebrafish are also
on these two mammalian chromosomes.n intriguing question, as chicken and mouse Sox9 have
s of reproduction in any form reserved.
154 Chiang et al.both been shown to be expressed in testis but not in ovary
(Kent et al., 1996). To investigate this phenomenon further,
we performed in situ hybridization on adult tissues. The
sox9a transcript was observed in whole mounts of adult
testis but not ovary. Conversely, the sox9b probe detected
transcripts in whole mounts of adult ovary, but not in testis
(Fig. 5, negative data not shown). Sectioning and histologi-
cal examination showed that sox9a was expressed in Sertoli
cells at the periphery of cysts in the testis (Fig. 5B). This
result was confirmed by simultaneous hybridization of the
testis sections with a vasa probe (data not shown), which
detects germ cells but not the mesodermal components of
the gonads (Komiya et al., 1994; Yoon et al., 1997).
In contrast to sox9a, sox9b transcripts were mainly
detected in the stage I oocyte, at the primary growth or
perinucleolus stage of ovary development, by whole mount
in situ hybridization followed by sectioning (Figs. 5C and
D). The staging of oocytes follows the nomenclature of
Selman et al. (1993). Hybridization signals became diluted
as oocytes grew to stage II, the cortical alveolus stage, and
were further diluted in stage III, or the vitellogenic oocytes.
Overlapping Expression of sox9a and sox9b in the
Brain and Developing Cranio-Facial Skeleton
It is intriguing to find that zebrafish sox9a and sox9b are
expressed in distinct adult tissues. Since murine Sox9 plays
an important role during embryogenesis, we set out to
examine expression of zebrafish sox9a and sox9b during
embryonic development.
FIG. 4. Expression of zebrafish sox9a and sox9b in different adult
tissues by RT-PCR. Total RNA from different tissues was used for
RT-PCR analysis followed by hybridization to the sox9a or sox9b
cDNA probe. Plasmids bearing sox9a and sox9b were used as
control templates to monitor PCR fidelity and hybridization speci-
ficity. Actin primers were used to determine whether equal
amounts of RNA were used for each PCR.Similar expression patterns of the two genes were first s
Copyright © 2001 by Academic Press. All rightdetected in the head region of the embryo from the late
segmentation stage. In 24 hpf embryo, the transcripts were
found in the region along the boundary of the diencephalon
and telencephalon, the epiphysis, the ventral midbrain, and
hindbrain (Figs. 6A–D). Differences between the two ex-
pression patterns are apparent after careful examination.
Expression of sox9b along the diencephalon and telenceph-
alon boundary is restricted to the ventral region, and is
missing in the midbrain-hindbrain boundary. Double stain-
ing followed by cryosection reveals that sox9a and sox9b
expression overlaps mainly in the cells around the ventricle
throughout the brain, and in certain dorsal clusters of cells
in the hindbrain (arrows in Figs. 6E–G). The significance of
sox9a and sox9b expression in the CNS is not yet clear.
The main difference between the two genes at this stage
is the expression of sox9a in the cranial mesenchyme in
addition to CNS (Fig. 6C). The cranial mesenchyme lying
ventral and ventro-lateral to the neural tube contributes to
the formation of the neurocranium and pharyngeal arches
(Kuratani et al., 1997; Schilling and Kimmel, 1994). Using
col2a1 as a marker for mesenchyme of the neurocranium
and pharyngeal arches (Yan et al., 1995), we confirmed that
sox9a is indeed coexpressed with col2a1 in the neurocra-
nium mesenchyme (ms) beneath the neural tube in the
hindbrain sections (Figs. 6H–J). Yet, in the precondensed
mesenchyme of the pharyngeal arch primordia, only sox9a
is expressed (arrowheads in Fig. 6H). The sox9b expression
in the mesenchyme of segmented pharyngeal arch primor-
dia only begins just prior to hatching (Fig. 7B). By this stage,
both sox9a and sox9b transcripts were detected abundantly
in the head with similar but distinct expression patterns
(Figs. 7A, B).
The elements of zebrafish cranio-facial cartilage begin to
condense and differentiate between Day 2 and Day 3
(Kimmel et al., 1995). Expression of sox9a and sox9b
persists in mesenchymal condensations during chondrogen-
esis in almost all elements of the pharyngeal arch and
neurocranium. These arch elements include the palato-
quadrate (pq) and Meckel’s cartilage (mc) of the mandibular
arch, the ceratohyal (ch) and hyosymplectic (hs) of the hyoid
arch, the ceratobranchials (cb) of the branchial arch, and the
trabeculae (tb) and ethmoid plate (ep) of the neurocranium
(Figs. 7C, D). The level of sox9b expression in all these
developing elements, however, is much lower. The col2a1
gene is also expressed strongly at this stage and overlaps
with sox9a expression, but sox9a expression is more re-
stricted (Figs. 7E, F). The expression of both sox9a and
sox9b genes in the cranio-facial skeleton is progressively
down-regulated when chondrogenesis is complete (data not
shown).
Overlapping Expression of sox9a and sox9b in the
Developing Fin and Sensory Organs
In addition to expression in the head skeleton, sox9a and
ox9b are both expressed in the developing pectoral fin
s of reproduction in any form reserved.
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155Zebrafish sox9a and sox9b Genes(Figs. 8A–D). Fish pectoral fins are appendages homolo-
gous to mammalian forelimbs. Coexpression of sox9a and
sox9b first appears at the pharyngula stage in the pair of
fin rudiments lying on the top of the yolk and facing the
trunk (Figs. 8A, B). Gene expression is restricted to the
mesenchyme and not detected in the apical ectodermal
ridge of the fin buds (Figs. 8B–D). As cell condensation
proceeds, the sox9a- and sox9b-expressing region at the
innermost precartilage core elongates from the base of
the appendage where the fin endoskeleton will form (Figs.
8C, D). This expression is down-regulated once differen-
tiation of cartilage in the fin is complete (data not
shown).
We also detected sox9 expression in sensory organs of the
ebrafish embryo. The retina of the eye expressed sox9b at
the pharyngula stage (Figs. 6D–F); cells in the developing ear
(otic vesicle) also showed different degrees of sox9a and
sox9b expression (Figs. 6C, D, 7A, B). Using zebrafish
col2a1 as a marker (Yan et al., 1995), we confirmed that
expression of sox9a is in the epithelium of the otic vesicle
(Figs. 6G, J). The patterns of sox9a, sox9b, and col2a1
expression in the developing otic vesicle, however, are not
identical (Figs. 6C, D, G, J, 7A, B).
Our in situ hybridization has demonstrated that the
expression patterns of zebrafish sox9a and sox9b genes
partially overlap in the skeletal and nonskeletal regions.
With the notable exception of ovary sox9b expression, their
combined expressions mirror that of mouse Sox9, indicat-
ing that sox9 gene functions have been preserved through-
out evolution.
FIG. 5. In situ hybridization shows transcripts of sox9a in zebrafi
testis and ovary. Transcripts of sox9a (A, B) were detected in the
(arrows in A and B). Cryosection revealed that these cells are Serto
of the large membrane-bound cyst-like structures in the testis. Sper
of spermatogenesis can be seen in different cysts. Large and round sh
decrease in size as spermatogenesis progresses and develop into s
Transcripts of sox9b (C, D) were evident in the previtellogenic oo
follicles at the cortical alveolus stage (stage II); III, stage III vitello
FIG. 6. Expression patterns of sox9a and sox9b in the head during
4 h head. In (A) and (B), both sox9a and sox9b transcripts wer
xpression of sox9a in the diencephalon (d) of the forebrain e
iencephalon. t, telencephalon. Only sox9a transcripts are detec
arrowheads in C), and the head mesenchyme (ms) in the caudal h
idline and in six stripes of the hindbrain, with the highest expres
osition of the caudal hindbrain. (E–G). Double staining with sox9
F, G) show that both genes are expressed in cells around the ventr
n the head mesenchyme (ms) and segmented pharyngeal arch prim
ections (labeled as 1st, 2nd, 3rd), only sox9a transcripts were detec
ox9b expression. (H–J) Double staining with sox9a (red) and col2a
haryngeal arches express only sox9a, not col2a1 (arrowheads in H
t the level of the ear (J) confirm that the transcripts of the two ge
ide of the neural tube. Expression of col2a1 in the epithelium (ep) o
ells are positive for both sox9a and col2a1 staining (arrow in J). Exp
he floor plate (fp) and notochord (nd), but not in CNS.
Copyright © 2001 by Academic Press. All rightSox9a and Sox9b Can Bind DNA Specifically
The experiments described above showed that sox9a and
sox9b are expressed in distinct tissues in adults, but in
similar regions during skeletal differentiation of zebrafish
larvae. In addition, our phylogenetic analysis showed that
the structures of Sox9a and Sox9b are somewhat divergent
from tetrapod SOX9 proteins, and that Sox9b especially was
evolving more rapidly than other vertebrate SOX9 proteins.
It was thus important to determine whether these proteins
retained SOX9 function.
We first used electrophoretic mobility-shift assays to test
whether zebrafish Sox9a and Sox9b proteins bind DNA in a
sequence-specific manner. The test proteins were trans-
lated in vitro from cDNA for sox9a, sox9b, mouse Sox9, or
he vector pSG5 alone as a negative control (Fig. 9). Sox9a,
ox9b, and mouse SOX9 can all bind to a 30-bp col2c2
ligonucleotide derived from the human COL2A1 enhancer
o form a retarded band in the gel. The unbound probe ran
ff the gel in this set of experiments. This binding is
equence specific, because the band can be competed away
y unlabeled col2c2 oligo, but not by the unrelated oligo
uc1 (Fig. 9B). Similarly, when the consensus sequence
ecognized by HMG-binding proteins was used as a probe, a
pecific complex formed between this oligo and each of
ox9a, Sox9b, or mouse SOX9 proteins (Fig. 9C). This
MG-binding oligo and the col2c2 oligo can both compete
ffectively for the binding, indicating that both binding
ites are recognized by the same protein. These results
uggest that zebrafish Sox9a and Sox9b can recognize both
MG-binding sequences and col2c2 sequences in vitro.
stis and sox9b in the ovary. (A, C) Whole-mount (B, D) sections of
fish testis. Scattered cells across the mature testis express sox9a
ls (arrows B), which are irregularly shaped and lie close to the edge
genesis proceeds synchronously within each cyst. Different stages
germ cells are early stage spermatocytes (cy). These spermatocytes
atids (t). Arrowheads in B indicate the edge of one of the cysts.
s of the ovary. I, follicles at the primary growth stage (stage I); II,
follicles.
pharyngula stage. (A, B) Lateral view and (C, D) dorsal view of the
ected in the epiphysis (ep), forebrain, and the ventral midbrain.
s dorsally, whereas sox9b expression is mainly at the ventral
n the midbrain-hindbrain boundary (MHB), pharyngeal pouches
rain. Transcripts of sox9b are detected in the eye (e) close to the
in the four posterior rhombomeres (D). Otic vesicle (ov) marks the
) and sox9b (blue) at 34 h. Both whole mount (E) and cryosections
(arrow in F) and in two areas (arrow in G) in the dorsal hindbrain.
a, which are shown in the whole mount (as arrowheads in E) or in
s in panel D, the retina (r), but not the lens (l) of the eye (e), retains
ue) of the head. The precondensed mesenchyme in the segmented
2nd in I). Transverse sections through the rostral hindbrain (I) and
verlap in the head mesenchyme (ms) which lie beneath or to the
c vesicle is much stronger than that of sox9a. Only a few epithelial
on of col2a1 was also detected in the midline structures, includingsh te
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158 Chiang et al.Both Zebrafish Sox9 Proteins Can Activate
Transcription
The major difference between SOX9 proteins from zebrafish
and other vertebrates is that zebrafish Sox9a and Sox9b have
shorter C-terminal domains (Fig. 1B). The C-terminal domain
of mouse and human SOX9 acts as a transactivation domain
(McDowall et al., 1999; Ng et al., 1997; Sudbeck et al., 1996).
It is therefore important to test if zebrafish Sox9a and Sox9b
still have the activation function. We fused cDNA encoding
amino acids 184–462 of Sox9a or amino acids 168–407 of
Sox9b, comprising domains C, D, and E, with the DNA-
binding domain (DBD) of the Gal4 protein. These fusion
constructs were used as effectors in cotransfection experi-
ments together with the CAT reporter construct that contains
five recognition sites for Gal4-DBD (Fig. 10A). As shown in
Fig. 10B, the C-terminal half of mouse SOX9 and zebrafish
Sox9a and Sox9b can activate transcription in a dose-
dependent manner. The transactivation potential appears to
be proportional to the length of the C-terminal region; mouse
SOX9 has the longest C-terminal domain and highest activa-
tion potential, with Sox9a second, and Sox9b third, though
still retaining substantial transactivation potential. The full-
length proteins (Sox9a-F, Sox9b-F, and mSOX9-F) did not
activate transcription, perhaps because the HMG domains
might interfere with the DNA-binding domain of Gal4. These
results demonstrate that zebrafish Sox9a and Sox9b bind
DNA specifically and activate transcription in vitro, suggest-
ing both proteins are probably transcription activators in vivo.
The function of the transactivation domain of Sox9a and
Sox9b was further dissected. Subdomains C, D, and E were
fused to Gal4-DBD either separately or in combination so
their potential to transactivate the reporter gene could be
further tested (Fig. 11). While the longest domain (amino
acids 184–462 of Sox9a) had the highest transactivation
function, the C domain (amino acids 184–307 of Sox9a and
amino acids 168–293 of Sox9b) also activated transcription,
whether transfected alone or in combination with other
subdomains. Domains D and E combined or alone did not
appear to be sufficient to activate transcription. The immu-
noblot at the right of Fig. 11 shows that all the fusion
proteins were expressed in high amounts after transfection.
Our result suggested that domain C of zebrafish Sox9a
FIG. 7. Expression of sox9a and sox9b in the developing pharynge
ere detected strongly in the pectoral fin buds (pf), most segment
eratobranchial (cb) arches, CNS, and otic vesicles (ov). Expression
C, D) Ventral view of head at 72 h. Differentiating cartilage elemen
xpression is lower and concentrated in the ceratobranchial. Ot
artilage; pq, palatoquadrate; tb, trabeculae. (E, F) Double staining
nd sox9a in blue (F). Expressions of the two genes overlap in most
istribution of col2a1 in these elements is less restricted than tha
IG. 8. Expression of sox9a and sox9b in the developing pectoral
n bud stage. (A) Dorsal view of rostral trunk shows that both gene
B) Lateral view. Both transcripts are restricted to the mesoderm ofal arches. (A, B) Lateral view of the 45 h embryo. Both sox9a and sox9b
s of pharyngeal arch primordia, such as mandibular (m), hyoid (h), and
patterns of the two genes in the brain and otic vesicle are not identical.
ts of pharyngeal arches express both sox9a and sox9b; the level of sox9b
her abbreviations: cb, ceratobranchials; ch, ceratohyal; mc, Meckel’s
of 76 h head with col2a1 in blue and sox9a in red (E), or col2a1 in red
cartilaginous tissues in the cranio-facial and pectoral fin skeletons. The
t of sox9a.
fins. (A, B) Double staining of sox9a (red) and sox9b (blue) at the early
s are expressed in the developing fin bud with broader sox9a expression.
the fin bud. (C, D) Dorsal view of rostral trunk at 60h. Both sox9a andox9b transcripts are expressed in precartilaginous mesenchyme of the
Copyright © 2001 by Academic Press. All rightFIG. 9. Binding of Sox9a and Sox9b to specific DNA sequences. (A)
The sequences of oligo used in the protein–DNA-binding experiment.
The sequence of the known binding site for SOX9 is underlined.
Electrophoretic mobility-shift assay was performed by incubating
32P-labeled col2c2 (B) or HMG (C) probe with in vitro translation
products derived from plasmids encoding no protein (pSG5), mouse
SOX9, or zebrafish Sox9a or Sox9b followed by electrophoresis. A
100-fold excess of unlabeled oligo was added as competitor. “2” refers
to samples with no competitors. Zebrafish Sox9a and Sox9b recognize
the col2c2 motif and the HMG consensus sequence as effectively as
does mouse SOX9. The protein–DNA complex can be competed away
by unlabeled col2c2, but not by the unrelated kuc1. The unboundelongated pectoral fins but not in ectodermal fin fold (ff).
s of reproduction in any form reserved.
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the C-terminal domain E only plays a minor role, presum-
ably due to its short length. Apart from a stretch of
conserved Ser/Gln/Pro/Thr (amino acids 235–246 of Sox9a),
the sequence of domain C does not resemble any other
known transactivation domains.
DISCUSSION
Two Orthologues of Mammalian SOX9 in
Zebrafish
We have cloned two zebrafish sox9 genes, which encode
transcription activators with DNA-binding and transcrip-
tion activation domains. Phylogenetic analyses of both
protein and DNA sequences by the neighbor-joining,
maximum-likelihood, and parsimony methods all group
sox9a and sox9b in the vertebrate Sox9 clade, distinct from
Sox8 and Sox10. Furthermore, sox9 genes are located on
duplicated zebrafish chromosome segments, in syntenic
regions conserved in mammalian genomes. This provides
strong evidence that sox9a and sox9b are both orthologues
of mammalian SOX9. We conclude that the sox9a/sox9b
gene pair arose by duplication events that involved large
chromosome sections, consistent with their origin in a
genome duplication event in ray-finned fish (Amores et al.,
1998; Postlethwait et al., 1998). There appear to be many
examples of duplication in zebrafish similar to that of sox9,
including cyp19 (Chiang et al., 2001; Chiang et al., 2000),
dlx (Ellies et al., 1997; Stock et al., 1996), msx (Ekker et al.,
1997), hedgehog (Ekker et al., 1995), and nkx (Lee et al.,
1996).
Expression of Zebrafish sox9 in Skeletogenesis and
CNS
The preservation of the sox9a/sox9b duplicates in ze-
brafish raises an interesting question regarding their func-
tional relationship. One way to investigate this is to look at
their expression patterns. Our in situ hybridization demon-
strated expression of zebrafish sox9a and sox9b genes before
and during prechondrogenic mesenchymal condensation
correlating well to the situation in mouse. Coexpression of
sox9a and sox9b in the pharyngeal arch and pectoral fin
mesenchyme indicates the possibility of overlapping func-
tions of the duplicates in the developing cranio-facial and
appendicular skeletons. However, the lower level of sox9b
expression in the developing cranio-facial elements may
imply a gradual loss of function for sox9b in this domain
during evolution.
Mouse Sox9 is known to coexpress with Col2a1 to
regulate its expression during chondrocyte differentiation
and maturation (Bell et al., 1997; Lefebvre et al., 1997; Ng et
al., 1997). Evidence also implicates SOX9 involvement in
mesenchymal condensation (Bi et al., 1999). In zebrafish,
expressions of sox9a and sox9b are significantly ahead of
col2a1 in the prechondrogenic mesenchyme in the primor-
Copyright © 2001 by Academic Press. All rightdium of the pharyngeal arch and pectoral fin. This suggests
a sox9 function in committing undifferentiated mesenchy-
mal cells to their appropriate chondrogenic pathways before
initiating col2a1 expression.
Coexpression of zebrafish sox9a, sox9b, and col2a1 starts
at the end of Day 2 when the mesenchyme begins to
condense and differentiate into cartilage. This is in agree-
ment with a second function of the sox9 duplicates in the
regulation of col2a1 expression in the cartilaginous ele-
ments. The expressions of sox9a and sox9b quickly dimin-
ish once col2a1 expression reaches its peak, similar to the
FIG. 10. The C-terminal domains of mSOX9 and zebrafish Sox9a,
and Sox9b can activate transcription. (A) Structure of expression
plasmids. The Gal4 DNA-binding domain (DBD) was linked to
different lengths of the C-terminal domain or to full-length SOX9
protein. The numbers below each box represent residue numbers.
The reporter contains the chloramphenicol acetyltransferase (CAT)
gene driven by a minimal TATA box and 5 copies of the Gal4
recognition sequence. (B) Reporter gene activity. Increasing
amounts of effector DNA were cotransfected with 1 mg of
G5E1bCAT and 0.5 mg of CMV-b-gal into COS-1 cells, and CAT
ctivities scores after normalization with internal control.observation in mouse.
s of reproduction in any form reserved.
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sion in the developing ear and brain, but different cell types
express each gene. The expression is mainly concentrated
in the ventral forebrain, the cells around the ventricle, and
in certain groups of dorsal cells across the hindbrain. Mouse
Sox9 is expressed in similar regions of the CNS (Ng et al.,
1997). The significance of Sox9 expression in the CNS and
sensory organs is not yet understood, but some human
campomelic dysplasia (CD) patients with SOX9 mutations
exhibit deafness and mental retardation (Houston et al.,
1983), suggesting that SOX9 may regulate genes in these
tissues to initiate pathways involved in neuronal differen-
tiation.
The overlapping expression patterns of sox9a and sox9b
in the CNS and skeletal lineage suggest a possible func-
tional redundancy in these domains. SOX9 mutations in
CD patients show a haploid-deficiency phenotype with
severe defects in skeletal formation (Foster et al., 1994;
Kwok et al., 1996; Wagner et al., 1994). The lethality of
Sox9 heterozygosity makes it difficult to study the null
function of mouse Sox9 by gene targeting (Bi et al., 1999).
The presence of two zebrafish sox9 genes and their poten-
FIG. 11. Transactivation domain analysis of Sox9a and Sox9b. (A) S
was linked to different lengths of the C-terminal domain or full
numbers. The reporter contains the chloramphenicol acetyltransfer
recognition sequence. (B) CAT activity of the reporter pG5E1bCAT
Western blot of 20 mg protein from each cell lysate after transfecti
n all transfections.tial functional redundancy in the same developmental t
Copyright © 2001 by Academic Press. All rightpathway may facilitate gene function ablation for further
elucidation of their roles in the developmental processes.
Differential Expressions of sox9a and sox9b in the
Gonad
The expression pattern of the duplicates in mature ze-
brafish gonads is surprising. In mouse and chicken, Sox9
expression is down-regulated in the differentiating gonad
just before ovary formation, but the expression in Sertoli
cells of the developing testis persists throughout adulthood
(Kent et al., 1996; Morais da Silva et al., 1996; Moreno
Mendoza et al., 1999). This male-favored expression pattern
at the stage of testis formation was also observed in fresh-
water and marine turtles (Moreno Mendoza et al., 1999;
Spotila et al., 1998), suggesting that the functional impor-
tance of SOX9 for male differentiation is conserved among
tetrapods. In zebrafish, we detected sox9a transcripts in
Sertoli cells of the testis, while abundant sox9b expression
was seen in the ovary.
The different expression patterns of duplicates sox9a/
ox9b in fish gonads suggest that sox9a retained its func-
ture of expression plasmids. The Gal4 DNA-binding domain (DBD)
th Sox9 protein. The numbers above each box represent residue
AT) gene driven by a minimal TATA box and 5 copies of the Gal4
ansfected with different effector plasmids after normalization. (C)
obed with anti-Gal4 antibody. Effector proteins could be detectedtruc
-leng
ase (C
cotr
on prion in the testis while sox9b possibly acquired a “new”
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161Zebrafish sox9a and sox9b Genesfunction in zebrafish ovary during evolution. However, we
cannot rule out the possibility that this split expression
pattern of sox9a/sox9b may merely mimic an ancestral role
f a single SOX9 which functioned in both testis and ovary.
n support of this, the expression of SOX9 in the differen-
iated ovary has also been reported in other species, includ-
ng human and frog (Hanley et al., 2000; Takase et al.,
2000).
Similar DNA-Binding and Transactivation
Properties of the Two Genes
Our results showed that sox9a and sox9b are both de-
tected in chondrogenic cells, but are expressed in different
gonads. Do they have different activities in the cell? There
have been many precedents of two transcription factor
isoforms exerting opposite functions as transcription acti-
vator and repressor. FosB/FosB2, Ad4BP/ELP, MyoD/Id, and
LAP/LIP are a few of these examples (Benezra et al., 1990;
Descombes and Schibler, 1991; Morohashi et al., 1994; Yen
et al., 1991). The C-terminal transactivation domain of
Sox9b is very short, posing the question of whether it could
function as a transcription activator. We show that the
C-terminal region of Sox9a and Sox9b can activate tran-
scription in a dose-dependent manner. Therefore, Sox9a and
Sox9b are both functional transcription activators in our
cell culture system.
We dissected Sox9 into five domains and presented evi-
dence indicating that domain C of Sox9a and Sox9b pos-
sesses transactivation function. Human SOX9 has a major
transactivation domain at the carboxyl terminus and a
weaker one at amino acids 249–316, a region spanning the
C and D domains (McDowall et al., 1999). The internal
region of mouse SOX9 also has a weak activation function,
although this phenomenon has not been carefully analyzed
(Ng et al., 1997). It appears that maximal transactivation of
SOX9 requires the actions of both C-terminal and internal
domains (McDowall et al., 1999). Because the E domains of
zebrafish Sox9a and of Sox9b are short and weak in trans-
activation activity, the internal domain C apparently be-
comes more important for transactivation. Nevertheless,
zebrafish Sox9a and Sox9b in common with human SOX9
need both internal and C-terminal domains for full activa-
tion function.
Sox9a and Sox9b are functional transcription activators
that exert their physiological functions at the site of their
expression. Sox9a may have a role in testis, while Sox9b
may be important for ovary development. In chondrogenic
cells, which express both sox9a and sox9b, functional
redundancy may exist to ensure the proper control of gene
expression during cartilage differentiation, or the two genes
may play complementary roles. Gene duplication followed
by differential expression of the duplicated gene may have
contributed to more flexible gene regulation and function in
zebrafish development (Force et al., 1999).
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